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(57) ABSTRACT

A strain gauge includes: a substrate; a dielectric layer on the
substrate; a thin film electrical circuit on the dielectric layer
and having input/output terminals; another layer disposed on
the electrical circuit; the dielectric layer forming a first seal
on one side of the electrical circuit, the another layer
forming a second seal on a second side of the electrical
circuit, the first and second seals having structure such that:
in a first instance prior to exposure of the strain gauge to an
autoclave cycle, the electrical circuit 1s productive of a first
output voltage in response to a first input voltage; and 1n a
second 1nstance subsequent to exposure of the strain gauge
to at least 10 autoclave cycles, the electrical circuit 1s
productive of a second output voltage in response to a
second input voltage, the first and second input voltages
being equal, and the first and second output voltages being
equal within a 15% shift 1n zero offset.

22 Claims, 6 Drawing Sheets
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1
THIN FILM STRAIN GAUGE

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation-in-part application of
U.S. application Ser. No. 15/595,040 filed May 15, 2017,
which 1s hereby incorporated by reference 1n 1ts entirety.

BACKGROUND OF THE INVENTION

The present disclosure relates generally to a strain gauge,
particularly to a thin film strain gauge, and more particularly
to an autoclavable thin film strain gauge.

Thin film strain gauges employing precision resistors 1n a
Wheatstone bridge electrical circuit arrangement are known
in the art.

Applicant has been using thin film vacuum deposition

process to bond strain gauges directly to 15-5 stainless steel,
Inconel, sapphire, and titanium for a number of years. A
typical process begins by preparing the surface of the
substrate with an abrasive slurry to remove all surface
imperfections. The next step i1s the deposition of an oxide
layer to mnsulate the circuit from the metal substrate. Fol-
lowing this, a thin film resistive alloy 1s sputtered over the
oxide layer. This latter film 1s laser trimmed under power to
produce the four resistors of the Wheatstone bridge. Solder
pads are applied and wired to the circuit to provide a power
egress and the whole thing 1s coated with an encapsulation
to protect the thin film.

Over time, the thin film strain gauge has proven itself to
be the preferred means for measuring strain in critical
applications where small size, robust performance, long
term stability and superior accuracy are required. An appli-
cation of the thin film sensor technology 1s in the field of
medical pump technology. When delivery of fluids to the
body wvia infusion pumps, isulin pumps, enteral feed
pumps, and wound irrigation systems 1s interrupted by a
pinched tube or pump, undesired consequences may result.
Often, ‘tube sensors’ are used to monitor pressure 1n these
pump systems by measuring the force exerted onto a sensor
pressed against the expanding walls of a polyurethane or
PVC tubing or they place the sensor behind the pump to
record pressures as the pump backs up against the sensor
during operation. Thin film sensors have the repeatability
and the ability to survive the rough handling and accuracy
required to be successtul 1n these pump applications.

However, such pump applications do not involve the
surgical sterilization of a surgical device having a thin film
strain gauge that 1s an 1ntegral part of the surgical device.

As such, and while existing thin film sensors may be
suitable for their intended purpose, the art of thin film strain
gauges would be advanced with a thun film strain gauge
having the structural integrity to withstand exposure to
multiple autoclave surgical-instrument sterilizing cycles and
multiple surgical-instrument cleaning detergent cycles with-
out statistically significant loss 1n accuracy.

This background information i1s provided to reveal infor-
mation believed by the applicant to be of possible relevance
to the present invention. No admission 1s necessarily
intended, nor should be construed, that any of the preceding
information constitutes prior art against the present mnven-
tion.

BRIEF DESCRIPTION OF THE INVENTION

An embodiment includes an open-face strain gauge, hav-
ing: a substrate; at least one dielectric layer disposed on top
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of the substrate; a thin film electrical circuit disposed on top
of the at least one dielectric layer and having at least two
input terminals and at least two output terminals; at least one
layer disposed on top of the electrical circuit; the at least one
dielectric layer forming a first moisture resistant seal on one
side of the electrical circuit, the at least one layer forming a
second moisture resistant seal on a second side of the
clectrical circuit opposite the first side, the first and second
moisture resistant seals having structure such that: 1n a first
instance prior to exposure of the strain gauge to an autoclave
cycle, the electrical circuit 1s productive of a first output
voltage on the output terminals 1n response to a first input
voltage on the mput terminals; and in a second instance
subsequent to exposure of the strain gauge to at least 10
autoclave cycles, the electrical circuit 1s productive of a
second output voltage on the output terminals 1n response to
a second iput voltage on the mmput terminals, the second
input voltage being equal to the first imnput voltage, and the
second output voltage being equal to or greater than 0.85
times the first output voltage and equal to or less than 1.15
times the first output voltage.

The above features and advantages and other features and
advantages of the mvention are readily apparent from the
following detailed description of the invention when taken
in connection with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Referring to the exemplary non-limiting drawings
wherein like elements are numbered alike 1in the accompa-
nying Figures:

FIG. 1 depicts a generalized cutaway rotated i1sometric
view ol an example embodiment of a thin film strain gauge
in accordance with an embodiment of the invention;

FIG. 2 depicts a top-down plan view of the strain gauge
of FIG. 1 1n accordance with an embodiment of the inven-
tion;

FIG. 2A depicts an example Wheatstone bridge 1n accor-
dance with an embodiment of the invention;

FIG. 3 depicts a section cut through Section 3-3 in FIG.
2 1n accordance with an embodiment of the invention;

FIG. 4 depicts an alternative section cut similar to that of
FIG. 3 1n accordance with an embodiment of the invention;

FIG. 5 depicts a section cut similar to that of FIG. 3, but
absent an outer b-layer; and

FIG. 6 depicts a section cut similar to that of FIG. 4, but
absent an outer b-layer.

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

Although the following detailed description contains
many specifics for the purposes of illustration, anyone of
ordinary skill in the art will appreciate that many varnations
and alterations to the following details are within the scope
of the invention. Accordingly, the {following example
embodiments of the invention are set forth without any loss
of generality to, and without imposing limitations upon, the
claimed vention.

An embodiment of the invention, as shown and described
by the various figures and accompanying text, provides an
open-face thin film strain gauge having the structural integ-
rity to withstand exposure to multiple autoclave surgical-
instrument sterilizing cycles and multiple surgical-instru-
ment cleaning detergent cycles without statistically
significant loss 1n accuracy. In an embodiment, the structural
integrity 1s provided by an arrangement of layers (discussed
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turther below) that provide a bonded moisture seal on both
bottom and top surfaces of a strain sensitive layer, while
having the flexibility to move with the strain sensitive layer,
without disturbing the bonded moisture seals, during a strain
measurement action.

As used herein, the term open-face thin film strain gauge
in general means a strain gauge having a strain sensitive
layer that 1s not protected from the surrounding environment
by way of an hermetically sealed cap, which may be metal,
ceramic, plastic, or any other suitable material, for example.
Other features associated with the term open-face thin film
strain gauge will become apparent from the description that
follows.

As used herein, one meamng of the phrase “without
statistically significant loss 1n accuracy” refers to a sensor as
disclosed herein having a zero oflset shift between the
second output voltage and the first output voltage that 1s
equal to or less than a 0.5% shift in zero oflset where the
sensor can survive at least 25 autoclave cycles. However,
and as will be discussed further herein below, the same
phrase “without statistically significant loss 1n accuracy”
may also refer to a sensor as disclosed herein having other
zero oflset shifts with other autoclave cycle survivability
rates.

While example embodiments disclosed herein depict a
strain gauge having a circular footprint, 1t will be appreci-
ated that the disclosed invention i1s not so limited and
encompasses other shapes of strain gauges, such as rectan-
gular, octagonal, or otherwise non-circular, for example.
Any and all shapes of strain gauges that fall within the ambit
of the appended claims are considered to be within the scope
of the invention disclosed herein.

FIG. 1 depicts generally (some detail omitted for clarity
but elaborated on 1n other figures) a cutaway rotated 1so-
metric view of an example embodiment of a thin film strain
gauge 100 (also herein referred to simply as strain gauge)
having a substrate 102 and a plurality of layers 104 disposed
on top of the substrate 102. While the plurality of layers 104
are depicted in bulk i FIG. 1, they are depicted and
described 1 more detaill below with reference to other
figures. As depicted mn FIG. 1, an embodiment of the
substrate 102 has an overall circular footprint having a
central Z-axis, and an engagement surface 106 disposed at
an underside region of the substrate 102.

In an embodiment, the substrate 102 comprises a flexible
corrosion resistant metal such as titanium, ceramic, alumi-
num, stainless steel, precipitation-hardening stainless steel,
or a superalloy, for example.

As used herein, any reference to top, bottom, upper,
lower, underside, upperside, inside, outside, or any other
orientational language, 1s not intended to be limiting in any
way, but 1s merely used herein to orient certain features
relative to other features, or axes, such as the orthogonal set
of X-Y-Z axes depicted 1in FIG. 1.

The upperside 108 of the strain gauge 100 1s 1n open-face
relationship with ambient, that 1s, the upperside 108 1s not
protected from ambient by way of an hermetically sealed
cap, which 1s a known method 1n the art for protecting the
strain sensitive layer of a strain gauge. Such a known
method, however, results 1n a physically larger strain gauge
that may be undesirable or unusable 1n certain strain gauge
applications.

On the upperside 108, and part of the composite of the
plurality of layers 104 1s an embedded strain sensitive layer
in the form of a thin film electrical circuit comprising an
clectrically conductive strain sensor layer 300 (best seen
with reference to FIGS. 2 and 3 and discussed in more detail
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below) having a plurality of electrically resistive thin film
sensors 320 that form a Wheatstone bridge 322 (best seen
with reference to FIGS. 2 and 2A and discussed 1n more
detail below). The sensors 320 of the Wheatstone bridge 322
are disposed generally within the region 110 bounded by the
dashed lines depicted in FIG. 1.

While an embodiment of the strain gauge 100 1s disclosed
herein having the strain sensor layer 300 disposed on the
upper51de 108 of the substrate 102, 1t will be appreciated that
this 1s for illustration purposes only and 1s non-limiting, as
the strain sensor layer 300 may alternatively be disposed on
the underside 107 of the substrate 102. Stated alternatively,
the strain sensor layer 300 may be disposed on a side of the
substrate 102 that 1s directly subjected to a force F or
pressure P, or may be disposed on an opposing side of the
substrate 102 that 1s not directly subjected to the force F or
pressure P.

In an embodiment, the electrically conductive strain sen-
sor layer 300 comprises a resistive alloy, and the electrically
resistive thin film sensors 320 of the Wheatstone bridge 322
comprise electrical paths defined by etched or laser trimmed
portions of the resistive alloy (best seen with reference to
FIG. 2).

FIG. 2 depicts a top-down plan view of an example
embodiment of the strain gauge 100 (with the electrically
conductive strain sensor layer 300 depicted as though 1t were
visible) having eight electrically resistive thin film sensors
320.1-320.8 (generally referred to in combination by refer-

ence numeral 320) electrically arranged to form the Wheat-
stone bridge 322 (see FIG. 2A), and FIG. 3 depicts a section

cut through Section 3-3 1n FIG. 2.

While an embodiment of the invention 1s described and
illustrated herein having a certain number of sensors 320,
cight for example, configured as a full Wheatstone bridge
(full-bridge), 1t will be appreciated that this 1s for illustration
purposes only and that the scope of the invention 1s not so
limited and encompasses any number of sensors suitable for
a purpose disclosed herein, such as two or four, for example,
and may be configured as a full-bridge or a half-bridge
having electrical circuitry known in the art and therefore not
requiring further description or illustration herein. As such,
reference heremnafter 1s simply to the “Bridge 322, which
serves to encompass both a full-bridge and a half-bridge, or
more particularly at least a partial Wheatstone bridge.

With reference now to FIG. 3 in combination with FIGS.
1, 2 and 2A, the strain gauge 100 further includes: at least
one dielectric layer 200, which 1s part of the composite of the
plurality of layers 104, disposed on top of the substrate 102;
a strain sensor layer 300, which 1s part of the composite of
the plurality of layers 104, having a thin film electrical
circuit 302, in the configuration of the Bridge 322, disposed
on top of the at least one dielectric layer 200 and having at
least two mnput terminals 304, 306 and at least two output
terminals 308, 310 (best seen with reference to FIGS. 2 and
2A); and, a plurality of layers 400, which 1s part of the
composite of the plurality of layers 104, disposed on top of
the electrical circuit 302.

In an embodiment, the plurality of layers 400 comprises
two layers; a dielectric a-layer 400.1 disposed on top of the
clectrical circuit 302, and an encapsulant b-layer 400.2
disposed on top of the a-layer 400.1. In an embodiment, the
a-layer 400.1 comprises an oxide, such as but not limited to
glass for example, and the b-layer 400.2 comprises a curable
organic encapsulant, such as but not limited to silicone for
example.

In an embodiment, the at least one dielectric layer 200
comprises two layers; a c-layer 200.1 disposed on top of the
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substrate 102, and a d-layer 200.2 disposed on top of the
c-layer 200.1. In an embodiment, the c-layer 200.1 com-
prises a native oxide derived from the substrate 102, such as
but not limited to chrome oxide for example, and the d-layer
200.2 comprises an oxide, such as but not limited to glass for
example.

From the foregoing, 1t will be appreciated that the thin
f1lm electrical circuit 302 of the Bridge 322 1s disposed in an
open-face relationship with an environment (i.e., ambient)
external of the stramn gauge 100, while at the same time
being encapsulated by the at least one dielectric layer 200
and the plurality of layers 400.

The at least one dielectric layer 200 forms a first moisture
resistant seal 202 on one side 312, the underside, of the
clectrical circuit 302, and the plurality of layers 400 forms
a second moisture resistant seal 402 on a second side 314,
the upperside, of the electrical circuit 302 opposite the first
side 312.

In an embodiment, the at least one dielectric layer 200 1s
disposed 1n conforming intimate contact with an upper
surface 112 of the substrate 102, and the plurality of layers
400 1s disposed in conforming intimate contact with the
upper surface (1.e., upperside) 314 of the electrical circuit
302. In an embodiment, the upper surface 112 of the
substrate 102 1s a polished surface upon which the at least
one first dielectric layer 200 1s disposed. As used herein, the
phrase “in conforming intimate contact” means that the
respective abutting materials have no or substantially no
voids therebetween so as to provide a degree of moisture
resistant seals suitable for a purpose disclosed herein.

For the strain gauge 100 to have the structural integrity to
withstand exposure to multiple autoclave surgical-instru-
ment sterilizing cycles and multiple surgical-instrument
cleaning detergent cycles without statistically significant
loss 1n accuracy, the first and second moisture resistant seals
202, 402 have sutlicient structure such that: 1n a first instance
prior to exposure of the strain gauge 100 to an autoclave
cycle, the electrical circuit 302 1s productive of a first output
voltage on the output terminals 308, 310 1n response to a first
predefined 1nput voltage on the input terminals 304, 306;
and, 1 a second instance subsequent to exposure of the
strain gauge 100 to at least 25 autoclave cycles, alternatively
to at least 50 autoclave cycles, or further alternatively to at
least 100 autoclave cycles, the electrical circuit 302 1s
productive of a second output voltage on the output termi-
nals 308, 310 in response to a second predefined input
voltage on the mput terminals 304, 306, where the second
iput voltage 1s equal to the first input voltage within a
defined acceptance range, and the second output voltage 1s
equal to the first output voltage within a defined acceptance
range. In an embodiment, the second output voltage being,
equal to the first output voltage i1s representative of the
plurality of electrically resistive thin film sensors 320 of the
Bridge 322 being iree of strain and absent a corrosion-
influenced electrical short circuit path that would otherwise
be ellective to cause the Bridge 322 to become unbalanced.
In an embodiment, the equivalence of the second input
voltage to the first input voltage, and the equivalence of the
second output voltage to the first output voltage, may be
established through experimentation and statistical analysis,
where the term equivalence 1s understood to mean statisti-
cally equivalent, that 1s, any observed difference between
two measured values 1s considered to be an acceptable
difference for a purpose disclosed herein.

In an embodiment, each autoclave cycle 1s configured to
expose the strain gauge 100 to saturated steam at a relative
humidity of 100%, at a pressure of 2-35 ps1 (pounds per
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square 1inch), at a temperature of 100-140 degree-Celsius, for
a length of time of 15-20 minutes. More specifically, each
autoclave cycle 1s configured to expose the strain gauge 100
to saturated steam at a relative humidity of 100%, at a
pressure of 16-30 psi, at a temperature of 121-138 degree-
Celsius, for a length of time of 17-19 minutes. While certain
lengths of times are described herein for an autoclave cycle,
it will be appreciated that this 1s for illustration purposes
only, as a particular sterilization process may require more
or less time, where some processes may require a lesser
length of time of 90-180 seconds, for example, or may
require a length of time greater than 20 minutes, for
example. In addition to the foregoing, it will be appreciated
that different types or classes of autoclaves are available on
the market that operate according to different autoclave
standards, where some autoclaves may operate to a standard
for the U.S., and others may operate to a standard for
Europe, for example, where the various standards recite
various autoclave cycles having differing lengths of opera-
tion at various specified temperatures and pressures, and
while an embodiment disclosed herein may have been tested
according to Class-N autoclave specifications, it will be
appreciated that such specifications are exemplary only and
that the scope of the invention 1s not so limited. Accordingly,
any type or class of autoclave useful for a purpose disclosed
herein 1s considered to fall within the ambait of the invention
disclosed herein.

In an embodiment, each surgical-instrument cleaning
detergent cycle subjects the strain gauge 100 to a substance
having a pH level of equal to or greater than 9 pH. In an
embodiment, the pH level of the detergent substance 1s equal
to or less than 11 pH. In an embodiment, the first instance
1s prior to exposure of the strain gauge 100 to a surgical-
instrument cleaning detergent cycle, and the second 1nstance
1s subsequent to exposure of the strain gauge 100 to at least
25 surgical-instrument cleaning detergent cycles, alterna-
tively to at least 50 surgical-instrument cleaning detergent
cycles, or further alternatively to at least 100 surgical-
istrument cleanming detergent cycles.

To withstand the aforementioned autoclave cycles and/or
surgical-instrument cleaning detergent cycles without statis-
tically significant loss in accuracy, not only does the elec-
trical circuit 302 of the electrically conductive strain sensor
layer 300 have to be adequately sealed to prevent a corro-
sion-1ntluenced electrical short circuit path that would oth-
cerwise be eflective to cause the Bridge 322 to become
unbalanced, but also the input and output terminals 304, 306,
308, 310 have to be adequately sealed while permitting
solderable contacts to be electrically connected thereto. In an
embodiment, a plurality of solderable contacts 324, 326,
328, 330 are disposed on respective ones of the mput and
output terminals 304, 306, 308, 310 on top of the conductive
layer 300, each of the at least two mput terminals 304, 306
and the at least two output terminals 308, 310 being 1n
clectrical connection with a respective one of the plurality of
solderable contacts 324, 326, 328, 330, where the plurality
of solderable contacts 324, 326, 328, 330 are physically
accessible for a solder connection 114 via respective open
regions 404 absent the at least one second dielectric layer
400.

The open regions 404 absent the at least one second
dielectric layer 400 may be formed in at least two different
ways.

In a first way, the plurality of layers 400, and more
specifically the a-layer 400.1, 1s conformally applied to seal
the entire surface of the electrically conductive strain sensor
layer 300, including the previously applied solderable con-
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tacts 324, 326, 328, 330. Vias (also herein referred to by
reference numeral 404) are then etched through the a-layer
400.1 to form the respective open regions 404, thereby
providing for the plurality of solderable contacts 324, 326,
328, 330 to be physically accessible via respective vias 404
through the a-layer 400.1 of the plurality of layers 400, the
respective vias 404 being the respective open regions 404
absent material of the plurality of layers 400. The b-layer
400.2 1s then conformally applied to further seal the under-
lying materials, including the solder connection 114. FI1G. 3
depicts the entire solderable contact 324 disposed com-
pletely on the respective terminal 304 of the electrically
conductive strain sensor layer 300, and the a-layer 400.1
completely sealing around the perimeter of the solderable
contact 324. The other solderable contacts 326, 328, 330 are
formed the same way.

In a second way, and with reference to alternative strain
gauge 100" depicted in FIG. 4 where like features are
numbered alike, the solderable contact 324' extends beyond
an outer perimeter of the electrically conductive strain
sensor layer 300, being disposed partially on the respective
terminal 304, and partially on the at least one dielectric layer
200. Also depicted 1n FIG. 4 1s the solderable contact 324
being disposed in overlapping relationship with an outer
edge of the a-layer 400.1. In this embodiment, accessibility
to the solderable contact 324' may be created by masking the
radially outer region of the solderable contact 324" prior to
conformally applying the a-layer 400.1 of the plurality of
layers 400, thereby leaving exposed the open regions 404
upon removal of the mask after the a-layer 400.1 1s confor-
mally applied, resulting in the plurality of solderable con-
tacts (contact 324' for example) being physically accessible
via the respective open regions 404 disposed proximate an
outer edge of the a-layer 400.1. The b-layer 400.2 1s then
conformally applied to further seal the underlying materials,
including the solder connection 114.

A third option for exposing the solderable contacts is to
mask the contact region while depositing the encapsulating,
a-layer 400.1. In this embodiment, accessibility to the sol-
derable contact 324' may be created by placing the mask
directly on the substrate 102' prior to conformally applying
the a-layer 400.1 of the plurality of layers 400. Removal of
the mask would then leave the solderable contacts un-
encapsulated thus eliminating the need to etch vias.

While FIG. 3 depicts only one solderable contact 324, 1t
will be appreciated that the other solderable contacts 326,
328, 330 depicted 1 FIG. 2 are similarly constructed. And
while FIG. 4 depicts only one solderable contact 324", 1t wall
be appreciated that three other solderable contacts, synony-
mous to contacts 326, 328, 330, may be similarly con-
structed.

With respect to either the embodiment depicted in FIG. 3
or the embodiment depicted in FIG. 4, an embodiment
turther 1includes respective ones of a plurality of electrical
wires 118 electrically connected to respective ones of the
plurality of solderable contacts, such as the solderable
contacts 324, 324' or any other such solderable contact as
described herein for example. The electrical wires 118 may
be electrically connected to the solderable contacts via
solder 114, or by any other means suitable for a purpose
disclose herein, such as ultrasonic welding for example. In
an embodiment, the electrical wires 118 are insulated 34
AWG (American Wire Gauge).

Alternative to the use of electrical wires 118, a flex circuit,
such as a flexible printed circuit board for example, may be
employed. The flex circuit may be soldered or wire bonded
to the solderable contacts.
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Retferring back to FIG. 2, an embodiment of the strain
gauge 100 includes an arrangement where the plurality of
clectrically resistive thin film sensors 320 of the Bridge 322
are arranged relative to each other and to an orthogonal set
of X-Y axis such that: a first pair of the sensors 320.1, 320.2
have mirror 1image symmetry with respect to the X-axis; a
second pair, different from the {first pair, of sensors 320.3,
320.4 have mirror 1mage symmetry with respect to the
X-axis; a third pair, different from the first and the second
pair, of sensors 320.1, 320.3 have mirror 1mage symmetry
with respect to the Y-axis; and, a fourth pair, different from
the first, the second, and the third pair, of sensors 320.2,
320.4 have mirror 1mage symmetry with respect to the
Y-axis. Another embodiment of the strain gauge 100
includes an arrangement where the plurality of electrically
resistive thin film sensors 320 of the Bridge 322 are further
arranged relative to each other and to the orthogonal set of
X-Y axis such that: a fifth pair, different from the first, the
second, the third, and the fourth pair, of the sensors 320.5,
320.6 have mirror 1mage symmetry with respect to the
X-axis; a sixth pair, different from the first, the second, the
third, the fourth palr and the fifth pair, of sensors 320.7,
320.8 have mirror 1mage symmetry with respect to the
X-axis; a seventh pair, different from the first, the second,
the third, the fourth pair, the fifth, and the sixth pair, of
sensors 320.5, 320.7 have mirror image symmetry with
respect to the Y-axis; and, an eighth pair, different from the
first, the second, the third, the fourth pair, the fifth, the sixth,
and the seventh pair, of sensors 320.6, 320.8 have mirror
image symmetry with respect to the Y-axis.

With reference to FIGS. 1 and 2 in combination, an
embodiment of the strain gauge 100 includes an arrange-
ment where the plurality of electrically resistive thin film
sensors 320 of the Bridge 322 are radially disposed with
respect to the Z-axis between the engagement surface 106
and an outer body 120 of the substrate 102 in the region 110.
In an embodiment, respective pairs of the sensors 320 are
diametrically opposed with respect to each other, as depicted
in FIG. 1 by sensor pairs: 320.1 and 320.4; 320.2 and 320.3;
320.5 and 320.8; and, 320.6 and 320.7, for example.

While an embodiment of the strain gauge 100 1s described
and 1llustrated herein having sensors 320 arranged relative to
cach other 1n a particular geometric pattern, 1t will be
appreciated that this 1s for 1llustration purposes only and that
the scope of the invention 1s not so limited, as different strain
gauge applications may be better served having the sensors
320 arranged relative to each other 1n a different geometric
pattern, such as being oriented 1n an aligned linear arrange-
ment, ortented 1n an orthogonal arrangement, or oriented in
a radial arrangement, for example. As such, any geometric
pattern of sensors 320 suitable for a purpose disclosed herein
1s considered to fall within the scope of the invention
disclosed herein.

Operation of the strain gauge 100 mvolves the outer body
120 being held fixed relative to the engagement surface 106
while the force F, or more generally the pressure P, 1s applied
to the engagement surface 106, which results in the upper-
side 108, and particularly the region 110 where the plurality
of electrically resistive thin film sensors 320 of the Bridge
322 are disposed, being subjected to a strain. Flexing of the
clectrically conductive strain sensor layer 300 causes the
Bridge 322 to become unbalanced. Knowing the strain
sensitivity of the strain gauge 100, one can determine the
applied strain, and force F or pressure P, from the change 1n
gauge resistance using known techniques. If one or more of
the plurality of electrically resistive thin film sensors 320
experience a change in resistivity due to one or more
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corrosion-influenced electrical short circuit paths, which
may result from the extreme environment of an autoclave
cycle for example, then the applied strain and force F or
pressure P will not be able to be accurately determined. As
such, 1t 1s the role of the at least one dielectric layer 200 and
the plurality of layers 400 to provide the necessary bond and
moisture seal to protect the electrically conductive strain
sensor layer 300 of the Bridge 322 from corrosion, while at
the same time being flexible enough to permit the electri-
cally conductive strain sensor layer 300 of the Bridge 322 to
flex under the applied strain. While not being held to any
particular theory, Applicant has found that sandwiching the
clectrically conductive strain sensor layer 300 of the Bridge
322 between at least one first bonded oxide layer, with
reference to reference numeral 200, and at least one second
bonded oxide layer, with reference to reference numeral 400,
having structure as disclosed herein, provides the desired
protection for the stramn gauge 100 to survive multiple
autoclave cycles and multiple surgical-instrument cleaning
detergent cycles. More particularly, Applicant has found that
using an oxide for the at least one dielectric layer 200, and
using a combination of silicone on top of an oxide for the
b-layer 400.2 and the a-layer 400.1, respectively, provides
the desired protection for the strain gauge 100 to survive 25,
50 or even 100 autoclave cycles.

As a result and as disclosed herein, some embodiments of
the invention may include some of the following advan-
tages: a strain gauge capable of withstanding the environ-
ment of 25, 50 or 100 autoclave cycles without statistically
significant loss 1n accuracy; and, a strain gauge capable of
withstanding the environment of 235, 30 or 100 surgical-
istrument cleaning detergent cycles without statistically
significant loss 1n accuracy.

Notwithstanding the foregoing, and with reference now to
FIGS. 5 and 6, and not being held to any particular theory,
it has been found that an embodiment of a strain gauge as
disclosed herein but absent the herein disclosed b-layer
400.2 1s capable of withstanding the environment of 10
autoclave cycles and still be functional with a zero offset
shift that 1s greater than the aforementioned 0.5% zero ofiset
shift and 1s equal to or less than a 15% zero offset shilit,
between the first and second output voltages disclosed and
described herein. Stated alternatively, an embodiment of a
strain gauge as disclosed herein but absent the herein
disclosed b-layer 400.2 1s capable of withstanding the envi-
ronment of 10 autoclave cycles and remain functional where
the second output voltage 1s equal to or greater than 0.85
times the first output voltage and equal to or less than 1.15
times the first output voltage. As can be seen by comparing,
FIG. 5 to FIG. 3, an embodiment includes a strain gauge
100A that 1s substantially identical to strain gauge 100
except for the absence of the b-layer 400.2. And, as can be
seen by comparing FIG. 6 to FIG. 4, an embodiment
includes a strain gauge 100A' that 1s substantially identical
to strain gauge 100" except for the absence of the b-layer
400.2. As noted herein above, like elements are numbered
alike 1n the accompanying Figures, thereby avoiding the
need for unnecessary repetition of the description of FIGS.
5 and 6. That said, 1t will be noticed in FIGS. 5 and 6 that

the a-layer 400.1 may not necessarily overlap the solderable
contacts 324, 324' as depicted in FIGS. 3 and 4, and may

even be permitted to have a gap proximate the solderable
contacts 324, 324'.

According to all of the foregoing, the phrase without
statistically significant loss 1n accuracy as discussed herein,
may refer to a zero oflset shift between the second output
voltage and the first output voltage that 1s equal to or less
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than a 0.5% shift 1n zero oflset where the sensor can survive
at least 25 autoclave cycles, or may refer to a zero oflset shiit
between the second output voltage and the first output
voltage that 1s equal to or less than a 15% shiit 1n zero oflset
where the sensor can survive at least 10 autoclave cycles.
Stated alternatively, a first embodiment includes a sensor
capable of surviving at least 25 autoclave cycles where the
second output voltage 1s equal to or greater than 0.995 times
the first output voltage and equal to or less than 1.005 times
the first output voltage, and a second embodiment includes
a sensor capable of surviving at least 10 autoclave cycles
where the second output voltage 1s equal to or greater than
0.85 times the first output voltage and equal to or less than
1.15 times the first output voltage. For example, for a sensor
with an output voltage of approximately 20,000 microvolts,
a 0.5% shift 1n zero oflset would yield a 100 microvolt shift
in zero oil:

set between the second output voltage and the first
output voltage, and a 15% shift 1n zero offset would yield a
3,000 microvolt shift in zero oflset between the second
output voltage and the first output voltage.

It 1s noteworthy that the absolute change in zero oflfset
may not be as important to an end user as could be the
stability of the change in zero ofiset, as techmiques are
known 1n the art to re-zero the zero offset shift of strain
gauge sensors having a similar purpose as those disclosed
herein. I the zero offset shiit 1s stable, up to 15% zero oflset
shift for example, and the sensor remains functional after a
number ol autoclave cycles, the end user may re-zero, or
recalibrate, the sensor for continued acceptable use.

While the invention has been described with reference to
exemplary embodiments, 1t will be understood by those
skilled 1n the art that various changes may be made and
equivalents may be substituted for elements thereot without
departing from the scope of the invention. In addition, many
modifications may be made to adapt a particular situation or
matenal to the teachings of the invention without departing
from the essential scope thereof. Therefore, it 1s intended
that the invention not be limited to the particular embodi-
ment disclosed as the best or only mode contemplated for
carrying out this invention, but that the mvention will
include all embodiments falling within the scope of the
appended claims. Also, 1n the drawings and the description,
there have been disclosed exemplary embodiments of the
invention and, although specific terms may have been
employed, they are unless otherwise stated used 1n a generic
and descriptive sense only and not for purposes of limitation,
the scope of the invention therefore not being so limited.
Moreover, the use of the terms first, second, etc. do not
denote any order or importance, but rather the terms first,
second, etc. are used to distinguish one element from
another. Furthermore, the use of the terms a, an, etc. do not
denote a limitation of quantity, but rather denote the pres-
ence of at least one of the referenced item.

What 1s claimed 1s:

1. An open-face strain gauge, comprising:

a substrate;

at least one dielectric layer disposed on top of the sub-
strate;

a thin film electrical circuit disposed on top of the at least
one dielectric layer and having at least two 1nput
terminals and at least two output terminals;

at least one layer disposed on top of the electrical circuit;

the at least one dielectric layer forming a first moisture
resistant seal on one side of the electrical circuit, the at
least one layer forming a second moisture resistant seal
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on a second side of the electrical circuit opposite the
first side, the first and second moisture resistant seals
having structure such that:

in a first istance prior to exposure of the strain gauge to
an autoclave cycle, the electrical circuit 1s productive of
a first output voltage on the output terminals 1n
response to a first input voltage on the mput terminals;
and

in a second 1nstance subsequent to exposure of the strain
gauge to at least 10 autoclave cycles, the electrical
circuit 1s productive of a second output voltage on the
output terminals 1n response to a second nput voltage
on the mput terminals, the second 1nput voltage being
equal to the first input voltage, and the second output
voltage being equal to or greater than 0.85 times the
first output voltage and equal to or less than 1.15 times
the first output voltage.

2. The strain gauge of claim 1, wherein each autoclave
cycle 1s configured to expose the strain gauge to saturated
steam at a relative humidity of 100%, at a pressure of 2-35
psi1, at a temperature of 100-140 degree-Celsius, for a length
of time of 15-20 minutes.

3. The strain gauge of claim 2, wherein the autoclave
cycle 1s configured to expose the strain gauge to saturated
steam at a pressure of 16-30 psi, at a temperature of 121-138
degree-Celsius, for a length of time of 17-19 minutes.

4. The strain gauge of claim 1, wherein:
the substrate comprises a corrosion resistant metal;
the at least one dielectric layer 1s disposed 1n conforming

intimate contact with an upper surface of the substrate;

the electrical circuit comprises a conductive layer having
a plurality of electrically resistive thin film sensors
clectrically arranged to form at least a partial Wheat-
stone bridge having the at least two input terminals and
the at least two output terminals; and

the at least one layer 1s disposed 1n conforming intimate
contact with an upper surface of the electrical circuat.

5. The strain gauge of claim 4, further comprising:

a plurality of solderable contacts disposed on top of the
conductive layer, each of the at least two mput termi-
nals and the at least two output terminals being 1n
clectrical connection with a respective one of the
plurality of solderable contacts, the plurality of solder-
able contacts being physically accessible via respective
open regions absent material of the at least one layer.

6. The strain gauge of claim 5, wherein:

the at least one layer comprises a single layer.

7. The strain gauge of claim 6, wherein:

the single layer comprises an oxide disposed on top of the
clectrical circuat.

8. The strain gauge of claim 7, wherein the single layer

oxide comprises glass.

9. The strain gauge of claim 4, wherein the second output
voltage being equal to or greater than 0.85 times the first
output voltage and equal to or less than 1.15 times the first
output voltage 1s representative of the plurality of electri-
cally resistive thin film sensors of the at least a partial
Wheatstone bridge being free of strain and absent a corro-

s1on influenced electrical short circuit path et

ective to cause
the at least a partial Wheatstone bridge to become unbal-
anced.

10. The strain gauge of claim 6, wherein the plurality of
solderable contacts are physically accessible via respective
vias through the single layer, the respective vias being the
respective open regions absent material of the single layer.
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11. The strain gauge of claim 6, wherein the plurality of
solderable contacts are physically accessible via the respec-
tive open regions disposed proximate an outer edge of the
single layer.

12. The strain gauge of claim 5, further comprising:

respective ones of a plurality of electrical wires electr-

cally connected to respective ones of the plurality of
solderable contacts.

13. The strain gauge of claim 12, wherein the electrical
wires are electrically connected to the solderable contacts
via solder.

14. The strain gauge of claim 1, wherein:

the at least one dielectric layer comprises two layers; a

c-layer disposed on top of the substrate and a d-layer
disposed on top of the c-layer, the c-layer comprising a
native oxide, and the d-layer comprising an oxide.

15. The strain gauge of claim 14, wherein the c-layer
native oxide comprises chrome oxide, and the d-layer oxide

comprises glass.

16. The strain gauge of claim 1, wherein the substrate
comprises a polished upper surface upon which the at least
one first dielectric layer 1s disposed.

17. The strain gauge of claim 4, wherein the conductive
layer comprises a resistive alloy, and the electrically resis-
tive thin film sensors of the at least a partial Wheatstone
bridge comprise electrical paths defined by etched or laser
trimmed portions of the resistive alloy.

18. The strain gauge of claim 1, wherein the thin film
clectrical circuit 1s disposed 1n an open-face relationship
with an environment external of the strain gauge.

19. The strain gauge of claim 1, further wherein:

the first nstance 1s prior to exposure of the strain gauge

to a surgical-mnstrument cleaning detergent; and

the second 1nstance 1s subsequent to exposure of the strain

gauge to at least 10 cleaning cycles comprising the
surgical-instrument cleanming detergent.

20. The strain gauge of claim 4, wherein:

the plurality of electrically resistive thin film sensors of

the at least a partial Wheatstone bridge are arranged
relative to each other and to an orthogonal set of X-Y
axes such that: a first pair of the sensors have mirror
image symmetry with respect to the X-axis; a second
pair different from the first pair, of sensors have mirror
image symmetry with respect to the X-axis; a third patr,
different from the first and the second pair, of sensors
have mirror image symmetry with respect to the Y-axis;
and, a fourth pair, different from the first, the second,
and the third pair, of sensors have mirror 1mage sym-
metry with respect to the Y-axis.

21. The strain gauge of claim 20, wherein

the plurality of electrically resistive thin film sensors of

the at least a partial Wheatstone bridge are further
arranged relative to each other and to the orthogonal set
of X-Y axes such that: a fifth pair, different from the
first, the second, the third, and the fourth pair, of the
sensors have mirror image symmetry with respect to

L] [

the X-axis; a sixth pair, diflerent from the first, the
second, the third, the fourth pair, and the fifth pair, of
sensors have mirror 1mage symmetry with respect to
the X-axis; a seventh pair, different from the first, the
second, the third, the fourth pair, the fifth, and the sixth
pair, of sensors have mirror 1image symmetry with
respect to the Y-axis; and, an e1ghth pair, different from
the first, the second, the third, the fourth pair, the fifth,
the sixth, and the seventh pair, of sensors have mirror
image symmetry with respect to the Y-axis.
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22. The strain gauge of claim 4, wherein the substrate
turther comprises:
an overall circular footprint having a central Z-axis; and
an engagement surface at an underside region of the
substrate; 5
wherein the plurality of electrically resistive thin film
sensors ol the at least a partial Wheatstone bridge are

radially disposed with respect to the Z-axis between the
engagement surface and an outer perimeter of the

substrate. 10
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